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ABSTRACT
The Orion Complex is a notable star forming region, that it is fragmented into several different
populations that have substantial difference in their phase space. I propose a model that attempts to
explain the how the Complex has evolved to this current configuration. In this model, the large scale
expansion can be attributable to a supernova that has exploded 6 Myr ago. The remnant of which can
be seen as the Barnard’s loop, as the center of the expansion is consistent with the geometrical center
of the HII bubble. This is similar to the HII bubble and the ballistic expansion that is associated
with λ Ori, a region which has also been a site to an ancient supernova. Assuming that the Orion
Complex has originally been forming as one long filament spanning from the bottom of Orion A to ψ2
Ori (or, potentially, as far as λ Ori), the Barnard’s loop supernova could have split the cloud, which
have lead to the formation of the Orion C & D. Furthermore, the shockwave that has propagated into
the filament could have swept along the gas though several pc, which have lead to the formation of
the singularly most massive cluster in the Solar Neighborhood, the ONC. I also discuss other related
nearby events, such as the formation of the Monogem ring.
1. INTRODUCTION
The Orion Complex is the closest star forming region
that is capable of forming a large number of massive
stars. Containing more than 10,000 stars that can be
associated with the region (Kounkel & Covey 2019), it is
a region that has influenced much of our understanding
of how young clustered populations form and evolve.
In the recent years, the release of Gaia DR2 (Gaia
Collaboration et al. 2018) has significantly improved the
precision of the available measurements of the distance
and proper motions. Combined with the large num-
ber of stars that have been observed with APOGEE to
obtain high resolution spectra (and thus, precise radial
velocities), this has yielded improved constrains on the
3-dimensional structure and 3-dimensional kinematics of
the Orion Complex (Kounkel et al. 2018, hereafter Pa-
per I). A number of other studies have been conducted
with Gaia in Orion, such as, e.g., structure and dynam-
ics of the individual sub-populations (Großschedl et al.
2018; Getman et al. 2019), expanding the census of the
members (Chen et al. 2019; Jerabkova et al. 2019b), and
searching for kinematically peculiar stars (McBride &
Kounkel 2019; Schoettler et al. 2020; Farias et al. 2020),
In addition to the Orion A and B molecular clouds -
the regions of the current epoch of star formation, the
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Orion Complex consists of a number of populations that
have little molecular gas remaining. Population cen-
tered on the λ Ori, located at the head of Orion is one
such population. Others include Orion C & D popula-
tions are projected on top of one another in the plane
of the sky, they have very similar proper motions, how-
ever they are separated by ∼50 pc in distance, and they
have an ∼10 km s−1difference in the radial velocity of
the two populations. Orion C contains the σ Ori clus-
ter, and Orion D roughly coincides with the Orion OB1a
and Orion OB1b sub-associations, although both extend
much further than has been generally assumed prior to
the release of Gaia DR2 Paper I
While all of these populations are kinematically and
spatially distinct, they do significantly overlap in the
phase space, more alike than they are different, and they
do have comparable ages. Although the structure of the
Orion is among the most complex compared to all of the
star-forming regions in the solar neighborhood (Kounkel
& Covey 2019), it is difficult to imagine an scenario in
which all of the individual sub-populations don’t share
a common origin. Nonetheless, a question arises - what
has lead to such a peculiar morphology of the Complex?
Has it formed in this segmented manner in situ, or has
there been an event that fragmented it?
In this paper I propose a model that unifies the star
forming history of the Orion Complex that assumes a
massive supernova explosion has shaped much of its
structure and dynamics. In Section 2 I review a case
ar
X
iv
:2
00
7.
09
16
0v
1 
 [a
str
o-
ph
.SR
]  
17
 Ju
l 2
02
0
2Figure 1. Proper motions of the members of the Orion
Complex from Kounkel & Covey (2019), color coded by the
distance of the stars, from purple at 300 pc to red at 450 pc.
Proper motions (pointed from the thicker part of the arrow
at the current position, moving towards the thin part) are in
the local standard of rest, in the reference frame of the Orion
Nebula. Vectors are overlaid on the photograph of Orion,
courtesy of Rogelio Bernal Andreo. The two star makers
show the approximate locations of the supernova eruptions.
study of λ Ori suprenova. In Section 3 I present ev-
idence that of the supernova that is associated with
the Barnard’s loop, for which λ Ori supernova can be
thought as a scale model. In section 4 I highlight the
Monogem ring - which is either a supernova remnant
associated with a runaway from the Orion Complex, or
a signature of bipolar outflow from the Barnard’s loop
supernova. Finally, in Section 5 I discuss the model of
the star forming history of the Complex.
2. λ ORI
Paper I has noted that the λ Ori cluster has a pecu-
liar kinematic signature. While within the cluster itself
appears to be virialized, outside of 1.5◦, the proper mo-
tions of the stars are pointed away from the cluster cen-
ter. Moreover, the motion is ballistic: the further away
they are, the faster they appear to be, up to the speeds
of 6 km s−1in the rest velocity of the cluster, and they
can all be deprojected back towards the cluster center
at the age of ∼4.8 Myr ago (assuming no acceleration).
λ Ori has long since been theorized to be a site of an
ancient supernova explosion that went off several Myr
ago (Dolan & Mathieu 1999, 2002; Mathieu 2008). That
supernova has produced an ionized HII bubble. All of
the stars associated with this region are firmly enclosed
within the bubble (Figure 1). Furthermore the stars
that are located further towards the edges are younger
(∼2 Myr) than those that are found in the cluster center
(∼5 Myr).
Paper I suggested that the ballistic expansion of stars
can therefore be thought of a signature of a supernova.
The shockwave has rapidly expunched the molecular gas
from the cluster, sweeping it along on the radial trajec-
tory. The stars that have subsequently formed from that
molecular gas, as it clumped together, maintained the
same trajectory. The gravitational feedback of rapidly
dispersing gas may have also contributed somewhat in
accelerating the stars (Zamora-Avile´s et al. 2019). Al-
though it can be argued what role the shockwave may
have had in triggering the subsequent epoch of star for-
mation of the younger population or if those stars have
formed regardless of any outside influences (Dale et al.
2015), the net result remains the same. While most
young clusters tend to expand somewhat, the typical ex-
pansion speeds are on the order of ∼0.5 km s−1 (Kuhn
et al. 2019). Acceleration of stars to speeds an order
of magnitude higher than requires an outside influence,
most likely attributable to the supernova in some form.
3. BARNARD’S LOOP SUPERNOVA
In addition to the HII bubble associated with λ Ori,
there is another very notable bubble: the Barnard’s
loop. It is unknown what the origins of it are, but it
has been theorized that it may have been a byproduct
of a supernova (Madsen et al. 2006; Ochsendorf et al.
2015), or that it has been driven by the radiation pres-
sure of the OB stars (O’dell et al. 1967; O’Dell et al.
2011). Similarly, there has been some debate whether
the Barnard’s loop is just a part of the Orion-Eridanus
superbubble (Wilson et al. 2005), or if an independent
entity (Ochsendorf et al. 2015).
Taken as a whole, much of the Orion Complex is per-
fectly encircled by the Barnard’s loop: from Rigel to ψ2
Ori, from the top of Orion B to the bottom of the Orion
A, not dissimilar to the λ Ori bubble. As such, it is
3highly likely that they are associated with one another.
The geometrical center of the bubble lies approximately
a degree away to the southwest of η Ori.
In Paper I we noted that the Orion D appears to be ex-
panding, attributing it as a natural evolution due to the
age of the population. But, considering that young pop-
ulations of similar mass can survive as comoving groups
for several hundreds of Myr (Kounkel & Covey 2019), a
8 Myr population tearing itself apart in such a manner
appears to be unusual. Upon closer examination I found
that when all the proper motions for the entire Orion
Complex are placed in the common reference frame, the
center of the expansion appears to correspond to the ge-
ometrical center of the Barnard’s loop (Figure 2, and
that many of the stars that are moving radially away
from it can be traced back to this origin ∼6 Myr ago.
Currently, Orion C and Orion D currently exist as
separate entities, located at two very different distances,
of 412 pc and 350 pc respectively, on average. They are
colocated along the recenttly discovered bubble of dust
(Rezaei Kh. et al. 2020). However, as the Orion C has
a radial velocity of ∼13 km s−1, and Orion D has a
radial velocity of ∼4 km s−1 (in the local standard of
rest reference frame), they are receding away from each
other, and, in the past, they would have been much
closer together. They would have been co-located ∼6
Myr ago at the distance of ∼380 pc, not dissimilar to
the current distance of the Orion Nebula Cluster (ONC,
389 pc). Similarly, prior to the expansion, their average
rest frame radial velocity would have been similar to
that of the ONC as well (∼ 8 km s−1). The timescale
of the expansion along the line of sight is well matched
to the expansion in the plane of the sky.
Großschedl et al. (2018) have noted that the Orion
A molecular cloud has a peculiar shape, that the ONC,
the ”head” of the cloud is tilted relative to it, and that
as if pushed by some force perpendicular to the fila-
ment. They proposed that it could be attributable to
either cloud-cloud collision, or due to stellar radiative
and supernova feedback. Getman et al. (2019) have also
suggested that the compression shock from a feedback
from an OB stars from the Orion D could be responsi-
ble for the dynamical evolution of the Head, and that
this compression then assisted in the global gravitational
collapse of the cloud.
The direction of the compression of the Orion A
(based on the 3d map, Figure 2) is consistent with orig-
inating from the center of the bubble.
In Paper I, we performed hierarchical clustering of the
Orion Complex to separate it into ∼200 groups that
trace the full extent of the Complex, each one repre-
sentative of the position and velocity of the stars in a
particular sub-region. These groups can act as tracers
of the dynamical evolution of the Complex. I used the
groups that have complete phase space information, i.e.,
radial velocities either from APOGEE or from Gaia are
available for some stars in the group. Paper I measured
the average age of the stars for each group - AgeHR
was used, when available (as it has been extinction cor-
rected), otherwise, AgeCMD was use. In Figure 2 I show
a 3-dimensional traceback model of Orion, where differ-
ent groups are at a particular time, ranging from 12 Myr
in the past, to 12 Myr in the future. Different groups are
added only added at the time that corresponds to their
age and are excluded from the previous timestamps.
This traceback is quite simplistic. It does not account
for the self-gravity of the Complex, either stars or gas.
No two groups able to interact, even when they are both
components of the same cluster (i.e, although the sub-
groups composing the ONC appear to fly apart in the
traceback going far enough into the future, it is unlikely
to happen in reality). Furthermore, no new stars are
able to form. Nonetheless, it does show the general pat-
terns of motion, that the expansion of the Complex all
indeed appears to originate from the same point, and
that it is largely spherical, with the dominant plane for
the stellar distribution.
Putting all of these pieces together, it becomes evi-
dent that the radial expansion of the Orion Complex
from the geometrical center of the Barnard’s loop and
the formation of the HII bubble itself is likely to be at-
tributable to the same event. Moreover, there are many
similar hallmarks in the velocity structure and the HII
bubble compared to λ Ori. From these dynamical I pro-
pose that a supernova that erupted ∼6 Myr is the most
likely cause.
Recently, Großschedl et al. (2020) have also indepen-
dently identified a episode of major feedback event in
the Orion Complex dating back 6–7 Myr ago, which they
refer to as Orion-6 event, using different tracers. They
suggest that the most likely origin of this event is the
Orion X region, which is an overdensity of stars in the
Orion D located somewhat south of η Ori. Although,
currently, Orion X is located in one of the expanding
shells, it’s line of sight is indeed consistent with the cen-
ter of the bubble, and 6 Myr ago it would have been
much closer in the 3d space as well. Better determina-
tion of stellar ages is needed to confirm if it could have
formed the progenitor, or if it has been one of the first
regions formation of which would have been assisted by
the shockwave.
However, rather than a single event, Großschedl et al.
(2020) suggest that it might have been a result of multi-
ple triggers that might have continued over time, to ex-
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Figure 2. 3-dimensional distribution of the groups in Orion from Paper I. The groups are color coded by the average age of the
stars within them with red being the youngest, and the size of the dot corresponds to the number of stars inside each group. The
panels show the traceback and the trace forward look over the −8 and +8 Myr, with 0 Myr corresponding to the present day.
Positions of these groups is linearly evolved through time, assuming the current velocity. The observer is positioned to the right of
the image. Interactive version is available in the online version, temporarily at http://mkounkel.com/mw3d/orionevolution.html.
5Figure 3. ROSAT X-ray emission map (cyan, Snowden
et al. 1997), superimposed on the Hα map (red, Haffner
et al. 2003). The arrow shows the traceback projection of
PSR B0656+14 over the last ∼1 Myr, assuming its current
(local standard of rest) proper motions (Golden et al. 2005).
plain the difference in momentum of the different clouds.
While self-gravity of the Orion Complex may explain
some of these differences, it may be difficult to discrim-
inate between a single explosive event and a group of
neighboring events that occurred close in time. Fu-
ture simulations, such as some of the ones noted in
Großschedl et al. (2020), would be able to more defini-
tively address this point.
4. MONOGEM RING
In examining the ROSAT X-ray maps of the region
(Snowden et al. 1997), two features are apparent (Fig-
ure 3). One, located to the west of Orion, is the emission
associated with the Orion–Eridanus Superbubble, and it
is thought to be related to the winds or the supernovae
from the Orion Complex (Ochsendorf et al. 2015). The
bubble is found at the distance similar to the Complex,
and low below the galactic plane that no other popula-
tion can be found that could serve as a likely progenitor.
Indeed, even more complex clustering analyses akin to
Kounkel & Covey (2019) do not reveal any overdensities
in the phase space inside the superbubble.
Another X-ray feature is located to the east of Orion,
and it is the Monogem ring. It is commonly thought
of as a supernova remnant (Plucinsky et al. 1996; Knies
et al. 2018) with an estimated age of 0.068 Myr. It has a
pulsar near its center PSR B0656+14 with a spin down
age comparable to this estimate (Thorsett et al. 2003).
Both Monogem and PSR B0656+14 are thought to be
located at the distance of ∼300 pc (Golden et al. 2005).
Similarly to the Orion–Eridanus Superbubble, due to
its height above the Galactic plane, no young stellar pop-
ulation in vicinity that could serve as progenitors can be
associated with Monogem. Although some stars have
been proposed to form such a population (Knies et al.
2018), with the revised Gaia astrometry to them com-
pared to Hipparcos, no coherence in their phase space is
apparent.
Nonetheless, if we assume that the proper motions of
the pulsar measured with VLBA (Golden et al. 2005)
are representative of what the star that produced it had
originally, then it may have originated from the Orion
Complex as a runaway. Converting the proper motions
to the Local Standard of Rest reference frame, the most
likely origin is the λ Ori Cluster, ∼1.7 Myr ago. Thus,
if Monogem is a supernova remnant, it is also related to
Orion.
However, the relative configuration of Monogem and
Orion-Eridanus superbubble, with the Orion Complex
positioned equidistantly in between of them, ∼200 pc
apart, does appear to be somewhat peculiar. The two
are located at similar distances from Earth as well, and,
have a somewhat similar morphology and size on the
sky. They are evocative of a bipolar outflow that may
have been associated with the Barnard’s Loop super-
nova. Further investigation would be needed in the fu-
ture to explore this possibility. In particular, the in-
creased sensitivity, as well as spectral and spatial res-
olution of eROSITA may be of benefit in establishing
relationship between these two features.
5. DISCUSSION
It is notable that the stellar density distribution of
the Orion Complex appears to be continuous from the
bottom of the Orion A, up to ψ2 Ori (possibly up to
λ Ori, after a small gap), as though forming one long
filament. This filament is made less apparent by the
stars that are expanding away from the Complex, near
Rigel and near L1616, although they would have origi-
nated from the filament also. Furthermore, there are a
number of outlying clouds and populations – some fairly
massive (namely the Orion B), some significantly less so
(see Figure 1) that are infalling towards the Complex.
Although they are excellent examples of the gravity at
work, they act as deterrents in visualizing a simplistic
model of the Complex.
Because the Orion A and B molecular clouds have
been a cornerstone in our understanding of star forma-
tion, it is easy to think of them as discrete and complete
units, the entire clouds coalescing at the same time, that
what we see of them now is all there ever was, and that
while other clouds would have existed in the vicinity,
6Figure 4. A conceptual model of the formation of the Orion Complex, excluding Orion B and λ Ori. Black contours represent
the molecular gas, red dots are the stars. The observer is located to the right of the image, direction indicated by the arrow. Left:
early epoch of star formation in the filament. Middle: post supernova eruption, the filament begins to be split and compressed.
Star formation in Orion C & D continues as they separate. Beginning of the compression of the gas in the direction of the
filament, seeding the formation of the ONC. Right: The molecular gas in the Orion C & D has been largely dissipated, as the
stars inside them continue spherical expansion. The ONC becomes massive. L1641 becomes dense enough to begin forming
stars.
they would have always been separate entities. How-
ever, recent studies of the solar neighborhood have found
a number of stellar strings – large structures composed
of comoving stars extending for several hundred pc in
length and only a few pc in width, resembling filamen-
tary molecular clouds from which these stars likely to
have formed and retained their morphology long after
the gas is dispersed (Kounkel & Covey 2019). More-
over, these strings appear to be a dominant form of
star formation, accounting for most of the stars that
are found in comoving groups up to an age of ∼ 100
Myr. With this in mind it becomes possible to imagine
the entire Orion Complex as one string formed from the
same molecular filament (or, perhaps, a narrow sheet of
gas). That while the Orion A is the southern part of
this filament that still exists in the molecular gas form,
and it had recently has reached densities large enough
to start forming stars, the northern part of the same fil-
ament has became Orion C & D and has dispersed its
gas. On the other hand, the Orion B is quite distinct
from the rest, not part of the same filament, but rather,
it’s in the process of infalling towards it.
The shockwave of the erupting supernova would have
been able to sweep the molecular gas and segment the
filament. The northern part has already started been
actively forming stars for >2 Myr at that point. Most
likely, the deceased star has been among those newly
formed, although it could have been a left-over from the
previous generation of star formation in the region (e.g.,
Jerabkova et al. 2019b).
Whether it is due to asymmetries in the distribution
of gas, the location of star relative to the filament, or
both, the gas has been propelled primarily in 3 direc-
tions. Two went towards the front and towards the back,
relatively rapidly consuming already partially depleted
gas as Orion C & D begin to take form as separate en-
tities. The gravitational feedback (Zamora-Avile´s et al.
2019) may have also assisted in this process. Mean-
while, the third shockfront has been pushed back into
the southern part of the filament that was at the time
just beginning to collapse (Figure 4). Although its orig-
inal density likely been comparable in what is found in
L1641, the shockwave could have accumulated the gas
from several pc into a single concentrated region. The
line-of-sight separation between the ONC and the pro-
posed eruption site is ∼10 pc. Such a rapid piling of gas
could have lead to the formation of the singularly most
massive young cluster in the Solar Neighborhood.
This could also explain the uneven distribution of ages
in the cluster (i.e, while older stars are found throughout
the head of the Orion A, the younger ones are concen-
trated at the center of the cluster Beccari et al. 2017).
Although it can be argued whether these generations of
stars correspond to the discrete events (Jerabkova et al.
2019a), or that the distribution of ages is more continu-
ous (Da Rio et al. 2010; Olney et al. 2020), as the cluster
continued to sweep through the filament, it would have
had access to more gas to support several generations
of stars, in a “conveyor belt” manner (Krumholz & Mc-
Kee 2019). And, although the initial sweep of gas would
7have allowed star formation along the entire width of
the filament, subsequently the self-gravity of the form-
ing cluster would have become more important.
Eventually, as the density of the accumulated gas
would have been sufficiently high, and the pressure be-
hind the shockwave decreased as it expanded out fur-
ther, the momentum of the ONC traveling through the
filament was able to decrease, allowing the front to pass
through.
I propose the following timeline for the events (Figure
4:
• >8 Myr ago: first stars of the Orion Complex form
• ∼6 Myr ago: Barnard Loop supernova explodes.
Beginning of the formation of the λ Ori cluster at
a similar time north of the Complex.
• ∼4 Myr ago: shockwave expands, splitting the
cloud. ONC is starting to form at one of shock-
fronts as the gas as the filament begins to pile up.
Orion C & D continue to form along the opposing
shockfronts. At a similar time, λ Ori supernova
explodes.
• <2 Myr ago: The split between Orion C and D be-
comes more pronounced. Gas on the periphery of
the Complex continues to infall and collapse onto
it.
Software: TOPCAT (Taylor 2005), Plotly (Inc.
2015)
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